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Plant 4-coumarate:CoA ligase (4CL) serves as a cen-
tral catalyst in the phenylpropanoid pathway that
provides precursors for numerous metabolites and
regulates carbon flow. Here, we present several
high-resolution crystal structures of Nicotiana taba-
cum 4CL isoform 2 (Nt4CL2) in complex with Mg2+
and ATP, with AMP and coenzyme A (CoA), and
with three different hydroxycinnamate-AMP inter-
mediates: 4-coumaroyl-AMP, caffeoyl-AMP, and
feruloyl-AMP. The Nt4CL2-Mg2+-ATP structure is
captured in the adenylate-forming conformation,
whereas the other structures are in the thioester-
forming conformation. These structures represent a
rare example of an ANL enzyme visualized in both
conformations, and also reveal the binding determi-
nants for both CoA and the hydroxycinnamate sub-
strate. Kinetic studies of structure-based variants
were used to identify residues crucial to catalysis,
ATP binding, and hydroxycinnamate specificity.
Lastly, we characterize a deletion mutant of Nt4CL2
that possesses the unusual sinapinate-utilizing activ-
ity. These studies establish a molecular framework
for the engineering of this versatile biocatalyst.
INTRODUCTION
The phenylpropanoid pathway represents the central biosyn-
thetic nexus for the production of an array of plant metabolites
including monolignols, phytohormones, flavonoids, and phenyl-
propenes (Hahlbrock and Scheel, 1989). The pathway directs the
flow of carbon from primary metabolism to diverse secondary
metabolism branch pathways. The resultant phenylpropanoids
serve a range of functions in planta, including providing mechan-
ical support, UV protection, defense against pathogens, and
mediating interactions with pollinators (Hahlbrock and Scheel,
1989; Lee and Douglas, 1996). Several of these metabolites
are also of pharmaceutical interest, including the stilbenoid
resveratrol (lifespan extension) (Richard et al., 2011), the phenyl-
propene shikimol (a precursor in the synthesis of the entheo-
genic drug methylenedioxymethamphetamine) (Gimeno et al.,2032 Structure 23, 2032–2042, November 3, 2015 ª2015 Elsevier Ltd2005), the coumarin umbelliferone (antioxidant), as well as
various isoflavones (Kanimozhi et al., 2011) (Figure 1). Lignin,
the polymeric product of monolignols, has also been the focus
of research that targets agro-industrial uses of plant biomass
in the production of biofuels (Boudet et al., 2003; Ragauskas
et al., 2006).
The core reactions of the general phenylpropanoid pathway
start with the deamination of phenylalanine (by phenylalanine
ammonia lyase) to yield trans-cinnamic acid (Figure 1), which is
then para-hydroxylated (by cinnamate-4-hydroxylase) to form
4-coumaric acid. A second hydroxylation at the C3 position of
the phenolic ring (by coumarate 3-hydrolase) affords caffeic
acid. Caffeic acid can undergo O-methylation at the C3 hydroxyl
to yield ferulic acid or additional hydroxylation and O-methyl-
ation at C5 to yield sinapinic acid. A key branching point in the
phenylpropanoid pathway is the production of coenzyme A
(CoA) thioesters of these hydroxycinnamic acid derivatives cata-
lyzed by the enzyme 4-coumarate:CoA ligase (4CL) (EC
6.2.1.12).
4CL proteins play vital roles in regulating carbon flow in plant
biosynthetic pathways, as their hydroxycinnamate-derived
CoA thioester products serve as precursors for various branch-
ing pathways of phenylpropanoid synthesis (Figure 1). For
example, 4-coumaroyl-CoA is a substrate for the first committed
step in the biosynthesis of flavonoids (Cukovic et al., 2001), and
hydroxycinnamoyl-CoA thioesters are precursors for lignin
monomers, including 4-coumaryl alcohol, corniferyl alcohol,
and sinapyl alcohol (Boerjan et al., 2003). As the level and
composition of lignin in plants largely determine the efficiency
of biomass utilization (Boudet et al., 2003), 4CL have been stud-
ied extensively in efforts to produce engineered plants with
improved biomass access. Although successful studies have
been reported recently (Hu et al., 1999; Kajita et al., 1997; Lee
et al., 1997), 4CL engineering remains challenging.
Homologs of 4CL occur largely in higher plants, including
Glycine max (soybean) (Knobloch and Hahlbrock, 1975; Linder-
mayr et al., 2002), Petunia hybrida (petunia) (Ranjeva et al.,
1976), Pisum sativum (pea) (Wallis and Rhodes, 1977), Petrose-
linum crispum (parsley) (Douglas et al., 1987), Solanum tubero-
sum (potato) (Becker-Andre et al., 1991), Pinus taeda (loblolly
pine) (Zhang and Chiang, 1997), Nicotiana tabacum (tobacco)
(Lee and Douglas, 1996), Populus tremuloides (aspen) (Hu
et al., 1998), and Arabidopsis thaliana (Ehlting et al., 1999). In
many species multiple isoforms are expressed in various levels
in different tissues and at different development stages. TheseAll rights reserved
Figure 1. The Plant Phenylpropanoid Pathway
Reactions of the general phenylpropanoid pathway starting from the precursor
phenylalanine. Substrates for canonical 4CL enzymes are boxed, and their
corresponding products are shown below. See also Figures S1 and S2.isoforms display divergent substrate specificity against various
hydroxycinnamic acid derivatives, as exemplified by the differing
substrate profiles for the four isoforms of 4CL found in soybean
(Lindermayr et al., 2002). Intriguingly, one of these 4CL isozymes,
G. max 4CL1 (Gm4CL1), is capable of utilizing sinapinic acid as
its substrate (Lindermayr et al., 2002, 2003), which is unusual
because most 4CLs homologs lack activity against this metabo-
lite (Allina et al., 1998; Becker-Andre et al., 1991; Ehlting et al.,
1999; Hu et al., 1998; Lee and Douglas, 1996). The only other
4CL protein with activity against sinapinic acid is A. thaliana
4CL4 (At4CL4). Most remarkably, the sinapinate-utilizing activity
of Gm4CL1 and At4CL4 is attributed to the absence of a single
amino acid within the active site (the Val between Pro343 and
Leu344 of Gm4CL1 and the Leu between Val370 and Ala371 of
At4CL4) (Hamberger and Hahlbrock, 2004; Lindermayr et al.,
2003). Deletion of the equivalent Val or Leu in other paralogs re-
sults in significant activity against sinapinic acid (Lindermayr
et al., 2003; Schneider et al., 2003).
Formation of CoA thioesters by 4CLoccurs through a two-step
reaction mechanism, involving the transient formation of a hy-
droxycinnamate-AMP anhydride in the presence of ATP and
Mg2+ (adenylation step), followed by nucleophilic attack on the
carbonyl carbon of the acyl adenylate by the phosphopante-
theine thiol of CoA (thioesterification step) to yield the product
thioester (Figure S1) (Cukovic et al., 2001). 4CL is annotated as
amember of the ANL superfamily of adenylating enzymes, which
contains three subfamilies: acyl- and aryl-CoA synthetases, theStructure 23, 2032–20adenylating domains of non-ribosomal peptide synthetases,
and firefly luciferases (Gulick, 2009). Although they catalyze
diverse overall reactions, enzymes in the ANL superfamily all
function through the two-step reaction schemeabove described,
in which the first adenylation step is conserved (Figure S2). While
these enzymes are structurally similar, their amino acid sequence
similarity is limited to typically less than 20% identity.
Biochemical and structural biological studies demonstrate
that ANL superfamily enzymes undergo large-scale domain
movement to facilitate the two catalytic partial reactions (Bar-
Tana and Rose, 1968; Gulick, 2009; McElroy et al., 1967). ANL
superfamily members adopt an adenylate-forming conformation
during the first half-reaction and a thioester-forming conforma-
tion during the second step. The conformational change is
induced by the binding of the respective substrates for each of
the reaction steps. Two members of this superfamily have
been structurally characterized in both conformations, namely
4-chlorobenzoyl-CoA ligase from Alcaligenes sp. AL3007 (Gulick
et al., 2004; Reger et al., 2008) and human medium-chain acyl-
CoA synthetase ACSM2A (Kochan et al., 2009). Likewise, struc-
tures in both conformation have been reported in paralogs of the
phenylacetate-CoA ligase fromBurkholderia cenocepacia J2315
(Law and Boulanger, 2011) and for Photinus pyralis luciferase, for
which an engineered variant was captured in the thioester-
forming conformation (Sundlov et al., 2012). Structures of the
ArabidopsisGH3members have also been determined in several
states, but the GH3 enzyme family is distal to ANL group, and
only the first half-reaction is conserved between the two (West-
fall et al., 2012). A lack of structural data for 4CL in all of the states
corresponding to its reaction coordinate restricts protein engi-
neering experiments aimed at expanding the substrate scope
of this catalyst.
Here, we report the structural and biochemical studies of
isoform 2 of N. tabacum 4CL (Nt4CL2), along with further kinetic
characterization of site-specific mutants identified from the
refined structures. We present crystal structures of Nt4CL2 in
complex with Mg2+ and ATP (Nt4CL2-Mg2+-ATP, 2.32 A˚), with
AMP and CoA (Nt4CL2-AMP-CoA, 1.5 A˚), and with different ad-
enylate intermediates, including the anhydrides of 4-coumaroyl-
AMP (Nt4CL2-CMA, 1.61 A˚), caffeoyl-AMP (Nt4CL2-CFA,
1.75 A˚), and feruloyl-AMP (Nt4CL2-FRA, 1.7 A˚) (crystallographic
statistics are listed in Table 1). Importantly, these co-crystal
structures reveal well-defined electron density for all atoms of
bound ligands, as well as those for residues involved in critical
contacts. Lastly, we have generated a deletion variant at
Val341 (DV341) that expands the catalytic repertoire of 4CL to
accommodate sinapinic acid as a substrate, and rationalize
this gain-of-function mutation through structural analysis of
DV341 in complex with feruloyl-AMP anhydride (2.1 A˚ resolu-
tion). In conjunction with the previously reported structure of
Populus tomentosa 4CL1 (Pt4CL1) in the apo conformation (Hu
et al., 2010), these structures track each of the different confor-
mations that are adopted by an enzyme from an ANL superfamily
throughout the complete reaction coordinate, and provide a
rationale for understanding the substrate scope of a biosynthetic
enzyme central to plant metabolism.
In summary, crystal structures of 4CL have been obtained in
both conformations, and the adenylation conformation structure
reveals an ordered P loop and bound nucleotide. Co-crystal42, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2033
Table 1. Data Collection, Phasing, and Refinement Statistics
Mg2+-ATP AMP-CoA Coumaroyl-AMP Caffeoyl-AMP Feruloyl-AMP D341-Feruloryl–AMP
PDB ID 5BSM 5BSR 5BST 5BSU 5BSV 5BSW
Data Collection
Space group P212121 P212121 P41212 P41212 P41212 P212121
a, b, c (A˚) 91.4, 96.3, 122.6 69.9, 82.1, 97.1 81.3, 81.3, 180.9 82.4, 82.4, 181.7 82.4, 82.4, 181.3 93.3, 97.2, 124.8
Resolution (A˚)a 50.00–2.32
(2.4–2.32)
50.00–1.5
(1.55–1.5)
50.00–1.61
(1.68–1.61)
50.00–1.75
(1.81–1.75)
50.00–1.7
(176–1.7)
50.00–2.1
(2.18–2.1)
Total reflections 264,893 723,772 1,259,470 492,018 498,697 532,335
Unique reflections 46,252 87,642 79,566 63,432 69,481 65,538
Rsym (%) 10.9 (41.6) 6.5 (49.3) 8.2 (43.5) 9.0 (42.6) 7.7 (47.9) 9.9 (46.9)
I/s(I) 15.1 (2.4) 41.7 (2.4) 47.8 (5.6) 40.0 (4.8) 41.5 (5.3) 18.6 (2.4)
Completeness (%) 97.5 (82.8) 96.6 (76.2) 99.0 (98.1) 98.8 (95.8) 99.6 (99.8) 97.9 (86.0)
Redundancy 5.7 (4.3) 8.3 (4.1) 15.8 (13.9) 7.8 (7.0) 7.2 (6.9) 8.1 (6.0)
Refinement
Resolution (A˚) 25.0–2.32 25.0–1.5 25.0–1.61 25.0–1.75 25.0–1.7 25.0–2.1
No. of reflections 43,848 83,093 75,523 59,972 65,759 62,119
Rwork/Rfree (%)
b 18.7/24.6 18.8/21.2 19.9/21.5 18.3/21.3 18.9/20.6 20.0/25.2
No. of atoms
Protein 8,176 4,083 4,080 4,083 4,081 8,120
ATP/AMP/adenylate 62 23 34 35 36 36
CoA – 48 – – – –
Water 356 527 503 499 316 571
B factors
Protein 30.6 21.3 17.2 20.2 23.5 27.8
ATP/AMP/adenylate 22.1 14.5 10.1 13.3 17.6 27.2
CoA – 30.8 – – – –
Water 27.4 31.9 30.5 33.2 32.1 31.2
RMSD
Bond lengths (A˚) 0.011 0.005 0.005 0.008 0.008 0.011
Bond angles () 1.55 1.26 1.10 1.9 1.2 1.3
aHighest-resolution shell is shown in parenthesis.
bR factor =
P
(jFobsj  kjFcalcj)/
PjFobsj; Rfree is the R value for a test set of reflections consisting of a random 5% of the diffraction data not used in
refinement.structures with bound substrate allow visualization of the tran-
sient Nt4CL2-adenylate intermediate and show the substrate-
binding pocket. Lastly, engineering of a Val341 deletion renders
the enzyme with sinapinate-utilizing capability, and structural
data provide a molecular rationale for this specificity switch.
RESULTS
In Vitro Kinetic Analysis of Nt4CL2 Activity
The enzymatic activity of wild-type Nt4CL2 against various hy-
droxycinnamate substrates was assayed by spectrophotometric
methods as described by Beuerle and Pichersky (2002) with a
few modifications (Figure S3). For each reaction, the formation
of the final product thioester, which is a two-step process, was
used to measure reaction progress (Figure S4). Kinetic parame-
ters were determined for Nt4CL2 using 4-coumaric acid, caffeic
acid, and ferulic acid as substrates (Table 2). The formation of
each thioester product was further confirmed by end-point anal-
ysis using reversed-phase liquid chromatography coupled with2034 Structure 23, 2032–2042, November 3, 2015 ª2015 Elsevier Ltdmass spectrometry (LC-MS) (Figure S5). Nt4CL2 showed the
highest catalytic efficiency against 4-coumaric acid and the
lowest efficiency against ferulic acid, which has ameta-methoxy
substituent. The enzyme showed extremely low catalytic effi-
ciency against sinapinic acid, which has twometa-methoxy sub-
stituents (Table 2).
Two Conformations Shown by Nt4CL2 Structures
The various crystal structures of Nt4CL2 presented here reveal
an architecture similar to that of other ANL superfamily enzymes,
consisting of a large N-terminal domain (Val8 to Asp434) and a
smaller C-terminal domain (Lys441 to Ala537) that are connected
by a highly flexible linker consisting of residues Arg435 through
Ile440 (the ‘‘hinge loop’’). Two different conformations for
Nt4CL2 are observed in different co-crystal structures, which
can be divided into an adenylate-forming and a thioester-form-
ing conformation (Figures 2A and 2B). The two conformations
are related by a rigid body movement, consisting of a 140
rotation of the C-terminal domain along the hinge loop. DespiteAll rights reserved
Table 2. Steady-State Kinetic Parameters for Nt4CL2 against
Hydroxycinnamates
KM (mM) kcat (s
1) kcat/KM (M
1 s1)
4-Coumaric
acid
1.5 ± 0.4 3.978 ± 0.252 (2.652 ± 0.168) 3 106
Caffeic Acid 1.0 ± 0.2 2.652 ± 0.162 (2.652 ± 0.162) 3 106
Ferulic Acid 2.9 ± 0.4 3.576 ± 0.132 (1.233 ± 0.046) 3 106
Sinapinic
Acid
1,321.9 ± 103.9 0.018 ± 0.000 13.617 ± 0.000
See also Figures S3, S4, and S5.
Figure 2. Domain Movement of Nt4CL2 During Catalysis
Surface rendered overall structures of Nt4CL2 shown for (A) the adenylate-
forming and (B) thioester-forming conformations. The amino-terminal domain
is colored in blue and the carboxy-terminal domain is colored in red. Additional
relevant catalytic motifs as shown include the P loop (green), the A10 motif
(pink), and the bb segment (yellow).the drastic rotational movement, there are minimal changes in
the isolated N- or C-terminal domains, and the individual do-
mains from each of the two conformations can be aligned with
a root-mean-square deviation (RMSD) of less than 0.9 A˚ for the
N-terminal and 0.6 A˚ for the C-terminal domains.
The structure of Nt4CL2 in complex with Mg2+ and ATP in the
adenylate-forming conformation is most similar to that of Luciola
cruciata (Japanese firefly) luciferase in complex with AMP (PDB:
2D1Q; sequence identity: 34%; RMSD = 2.0 over 514 aligned Ca
atoms) (Nakatsu et al., 2006). All other Nt4CL2 co-crystal struc-
tures are in the thioester-forming conformation and are most
similar to the structure ofP. tomentosa 4CL1 (Pt4CL1) in complex
with an adenylate intermediate analog (PDB: 3NI2; sequence
identity: 77%; RMSD = 1.1 over 528 aligned Ca atoms) (Hu
et al., 2010). Our structures of Nt4CL2 append to the structures
of Alcaligenes sp. AL3007 4-chlorobenzoate-CoA ligase (Gulick
et al., 2004; Reger et al., 2008), human medium-chain acyl-CoA
synthetase ACSM2A (Kochan et al., 2009), B. cenocepacia phe-
nylacetate-CoA ligase (Law and Boulanger, 2011), and Photinus
pyralis luciferase (Law and Boulanger, 2011), as ANL superfamily
enzymes whose crystal structures have been captured in both
conformations. A structure-based sequence alignment of
Nt4CL2 with related 4CL enzymes, and other ANL family mem-
bers, is shown in Figure S6. The conserved signature motifs
(A1–A10), common to all adenylation domains, are designated
as per the nomenclature described by Marahiel et al. (1997).
The Adenylation Conformation Reveals an Ordered P
Loop
In the 2.32-A˚ resolution Nt4CL2-Mg2+-ATP complex structure,
the ATP molecule is located at the interface of the N- and C-ter-
minal domains, with the AMP portion lying on the top of the
N-terminal domain and the pyrophosphate group pointing up-
ward (Figure 3A). The structure displays clear and unambiguous
electron density for ATP, Mg2+, and all the ATP-interacting resi-
dues, especially those within the pyrophosphate-binding loop
(P loop; motif A3) (Figures 3B and 3C). The adenosine is enclosed
by a highly conserved region containing Gln331 toGlu337, which
is designated as the core motif A5 in the ANL superfamily (Mar-
ahiel et al., 1997) (Figure S6), and a divergent loop containing
Ser307 to Leu312. The a-phosphate group is coordinated by
the side chains of His237 (core motif A4), Thr336 (core motif
A5), and Lys526 (core motif A10), and the main-chain nitrogens
of Ser190 (core motif A3) and Thr336 (Figure 3B). Notably,
Lys526 is the only ATP-interacting residue that is contributed
from the C-terminal domain. This Lys is a universally conservedStructure 23, 2032–20residue in the core motif A10, and has been shown to be essen-
tial for the adenylation reaction (Branchini et al., 2000; Gocht and
Marahiel, 1994; Horswill and Escalante-Semerena, 2002; Reger
et al., 2007) but dispensable for the second half-reaction (Bran-
chini et al., 2000; Horswill and Escalante-Semerena, 2002). In the
Nt4CL2-Mg2+-ATP structure, the close vicinity of Lys526with the
a-phosphate and the ribose group is consistent with its role in
catalysis and confirms that the structure represents the adeny-
late-forming conformation. As expected, the Lys526/Alamuta-
tion abolished activity (Table 3). In addition, mutations of other
a-phosphate-binding residues, including His237/Ala and
Thr336/Ala, all impaired catalytic activity (Table 3).
In the Nt4CL2-Mg2+-ATP structure, residues Ser189 through
Lys197 define the P loop (Figure 3C), so named because it wraps
around the pyrophosphate moiety of ATP. This Gly- and Ser-/
Thr-rich loop belongs to the conserved core motif A3, which is
proposed to play an important role in orientating the pyrophos-
phate during the adenylation reaction (Chang et al., 1997; Hor-
swill and Escalante-Semerena, 2002; Stuible et al., 2000), in a
manner reminiscent of the common Walker A motif in many
ATP-/guanosine triphosphate-binding proteins (Saraste et al.,
1990). Clear and continuous electron density can be observed
for all residues within this loop (Figure 3C). Residues within the
P loop form extensive hydrogen bonds with the ATP pyrophos-
phate through side-chain interactions with Ser189, Thr192,
Thr193, and Lys197, and the main chain of Gly191. Mutations
at residues within this region, such as Thr193/Ala and
Lys197/Ala, reduced the catalytic efficiency (kcat/KM) by 5- to
8-fold (Table 3), confirming the importance of the P loop for
enzyme activity.
Thioester-Forming Conformation Results in Drastic
Movements of the Catalytic Residues and the P Loop
All of the other Nt4CL2 co-crystal structures presented here
reside in the thioester-forming conformation, and discussion of
the overall architecture of the thioester-forming conformation is
based on the Nt4CL2-AMP-CoA structure (1.5 A˚ resolution). As
noted, the thioester-forming conformation is characterized by a
140 rotation of the C-terminal domain along the hinge region.42, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2035
Figure 3. The Nt4CL2 Adenylation Confor-
mation
(A) Ribbon diagram showing the Nt4CL2-Mg2+-
ATP structure (adenylate-forming conformation),
colored as described for Figure 2. The Mg2+ ion is
shown as a gray sphere and ATP as an orange
stick.
(B) View of the active site in the Nt4CL2-Mg2+-ATP
showing relevant active-site residues color coded
as described. Superimposed is a difference
Fourier (jFobsj  jFcalcj) electron density map
(contoured at 2.7s over background in blue).
(C) Residues that constitute the P loop are shown
in green, and superimposed upon difference
Fourier electron density map (contoured at 2.7s
over background in blue).
See also Figure S6.This domain movement results in two major differences in the
nucleotide-binding pocket. First, the core motif A10 (harboring
the essential Lys526) moves 20 A˚ away from the active site
and becomes exposed to solvent (Figure 4A). Core motif A10
is displaced from the lid of the active site, resulting in an entirely
new array of residues that stabilize the bound (hydrolyzed)
nucleotide.
Specific interactions with the ribose are mediated through
Arg435, Lys437, and Lys441, while residues Lys441 and
Gln446 engage the a-phosphate (Figure 4B). The C-terminal
domain is stabilized in the thioester-forming conformationmainly
through hydrogen-bonding interactions between Arg435 and the
backbone oxygen of Leu439 and carboxylate oxygens of
Glu447. Consequently, the Arg435/Ala mutation reduced the
catalysis efficiency by 500-fold (Table 3). As a consequence
of the domain movement, the highly conserved Lys441 in the
C-terminal domain is now within close distance (2.9–3.3 A˚)
to the oxygen atoms of the ribose and a-phosphate, implying aTable 3. Kinetic Parameters for Nt4CL2 Variants against 4-
Coumaric Acid
KM (mM) kcat (s
1) kcat/KM (M
1 s1)
T193A 2.9 ± 0.3 0.996 ± 0.036 (3.434 ± 0.124) 3 105
K197A 13.9 ± 1.8 7.11 ± 0.252 (5.115 ± 0.181) 3 105
Y239A 228.1 ± 34.8 0.996 ± 0.072 (4.367 ± 0.032) 3 103
Y239F 6.9 ± 0.6 4.47 ± 0.096 (6.478 ± 0.139) 3 105
H237A 143.4 ± 17.8 1.98 ± 0.078 (1.381 ± 0.054) 3 104
T336A 5.1 ± 1.0 0.282 ± 0.012 (5.529 ± 0.235) 3 104
M344A 520.7 ± 91.8 9.144 ± 1.044 (1.756 ± 0.201) 3 105
R435A 614.9 ± 76.1 3.036 ± 0.168 (4.937 ± 0.273) 3 103
K441A No conversion
K443A 0.9 ± 0.2 1.47 ± 0.096 (1.633 ± 0.107) 3 106
K526A No conversion
See Also Figures S3, S4, S5.
2036 Structure 23, 2032–2042, November 3, 2015 ª2015 Elsevier Ltd All rights reservedcrucial role for this residue in the second
half-reaction. A Lys441/Ala mutation
completely abolished enzyme activity
(Table 3).A second major difference between the two conformations is
the displacement of core motif A10 by anti-parallel b strands
20 and 21 that are part of the A8 loop (Figure 4A). In addition,
in the thioester-forming conformation the P loop bends upwards
and adopts a more closed structure. This movement is the only
significant difference between the two conformations at the
N-terminal domain, and the shift in conformation is facilitated
by the insertion of the A8 loop. The side chains of three residues
within this A8 loop, Lys437, Lys441, and Gln446, insert into the
pyrophosphate-binding site (Figure 4B). As this insertion can
only occur following pyrophosphate removal, the dissociation
of the pyrophosphate group is an essential requirement for the
transition from the adenylate-forming to the thioester-forming
conformation, as has been reported in studies of acetyl-CoA
synthetase and chlorobenzoyl-CoA ligase (Gulick et al., 2003;
Reger et al., 2007, 2008).
The Thioester-Forming Conformation Bears a
Hydrophobic CoA-Binding Tunnel
Structures ofANLenzymeswithboundCoAare relatively rareand
havenotbeenpreviously reported for any4CLprotein. Inour1.61-
A˚ resolution Nt4CL2-AMP-CoA structure, the bound CoA
molecule spans a large portion of the protein between the N-
and C-terminal domains, with the thiol group pointing into the
active site (Figure 4C). The thiol sulfur is situated 3.6 A˚ away
froman a-phosphate oxygen, where it would be poised for nucle-
ophilic attack onto the anhydride intermediate. Clear and contin-
uous electron density, corresponding to both the AMP and the
bound CoA ligand, can be envisioned within a tunnel formed by
seven loops (five from theN-terminal and two from theC-terminal
domains) (Figures 4B and 4C). The adenosine head group of CoA
is mostly exposed to solvent, and the pantetheine group is
accommodated in the tunnel through van der Waals contacts.
The only hydrogen bonds with CoA are formed between the
diphosphateandLys260andLys443 (Figure4C). Thesehydrogen
bonds are likely not crucial for enzyme activity, as the Lys443/
Ala mutation has a minimal effect on enzyme efficiency (Table 2).
Figure 4. The Nt4CL2 Thioester-Forming
Conformation
(A) Ribbon diagram showing the Nt4CL2-AMP-
CoA structure (thioester-forming conformation),
colored as described for Figure 3. The AMP and
CoA are shown as orange sticks.
(B) View of the active site in the Nt4CL2-AMP-CoA
showing relevant active-site residues color coded
as described. Superimposed is a difference
Fourier electron density map (contoured at 2.5s
over background in blue).
(C) View of the CoA-binding pocket showing
relevant active-site residues color coded as
described, with a superimposed difference Fourier
electron density map (contoured at 2.5s over
background in blue).A comparison between the adenylate-forming (Nt4CL2-Mg2+-
ATP) and thioester-forming (Nt4CL2-AMP-CoA) conformation
reveals that the C-terminal domain rotation facilitates CoA bind-
ing in two ways. First, two loops that are distal to the CoA-bind-
ing site in the adenylation conformation are brought to the upper
side of the tunnel upon domain rotation. Second, motif A10,
which is inserted deep into the CoA tunnel in the adenylation
conformation (Figure 3A), is displaced by the A8 loop upon
domain rotation (Figure 4A). As a result of both of these
changes, CoA binding can only occur in the thioester-forming
conformation.
Nt4CL2 Forms a Stable High-Energy Anhydride Complex
During attempts to characterize the two half-reactions using
analytical chromatographic methods, recombinant wild-type
Nt4CL42 was incubated with ATP and various hydroxycinna-
mates. Surprisingly, the resulting (adenylated) acid anhydride in-
termediates were stable for several days at room temperature in
the absence of CoA (Figure 5A). The hydrolytic stability of the
acid anhydrides may be due to resonance stabilization afforded
by the double bond near the ester linkage or sequestration of the
labile intermediate within the active site and away from solvent,
or both. Importantly, upon addition of stoichiometric concentra-
tions of CoA, the anhydride spontaneously decomposed into
AMP and the corresponding hydroxycinnamoyl-CoA, demon-
strating that formation of the observed intermediate occurred
along the reaction pathway (Figure 5A).
Inspired by these observations, we carried out co-crystalliza-
tion of Nt4CL2 in the presence of ATP and 4-coumaric, caffeic,
and ferulic acids, each to resolutions between 1.6 and 1.8 A˚.
The resultant structures all occupy the thioester-forming confor-
mation, and each reveals unambiguous electron density to
the respective acid anhydride within the active site (Figures 5B–
5D). One significant difference with the Nt4CL2-AMP-CoA
structure is in the conformation of His237, which composes the
one-residue coremotif A4. In the presence of CoA, the side chain
of this residue moves away from the active site to stabilize theStructure 23, 2032–2042, November 3, 2015 ªphosphopantetheine. Similar movement
of the equivalent His has been observed
in all CoA- or product-bound structures
of ANL enzymes (Gulick et al., 2003;
Hughes and Keatinge-Clay, 2011; Ko-chan et al., 2009; Reger et al., 2007, 2008). The important role
of His237 is supported by our mutational studies demonstrating
that the His237/Ala mutant had a nearly 220-fold decrease in
catalytic efficiency relative to the wild-type enzyme.
In each acid anhydride complex structure, the hydroxycinna-
mate moiety is enclosed in a hydrophobic pocket composed of
a five-stranded b sheet and three a helices. The side chain of
Ser243 provides the only hydrogen-bond interactions with the
hydroxycinnamate group via the 4-hydroxy group (Figure S7).
In addition, the aromatic side chain of Tyr239 engages in
p-stacking interaction with the hydroxyphenyl ring, and the
main-chain atoms of Ile238 and Tyr239 are in van der Waals
contact with the propanoate. Mutating Tyr239 to Phe increases
the KM for coumaric acid by less than 5-fold, whereas a
Tyr239/Ala mutation results in a 150-fold increase of the KM
values (Table 3), indicating the importance of the p-stacking
interaction in accommodating substrate.
A comparison of the adenylated hydroxycinnamate intermedi-
ate complex structures with the Nt4CL2-AMP-CoA complex
(each in the thioester-forming conformation) reveals that
Tyr239 moves in response to the presence of the hydroxycinna-
mate. No other changes are observed near the binding pocket,
indicating that the large domain movement is independent of hy-
droxycinnamate binding. In each of the acid anhydride complex
structures, Met306 through Ala309 defines one face of the ring-
binding site, and two anti-parallel b strands connected by a short
helix, along with Met344, forms the bottom of the pocket (Fig-
ure S7). The ortho substituent points toward Met306 and are
not located in the vicinity of Val341, contrary to suggestions
from previous modeling studies (Hu et al., 2010). The a carbon
of Gly308 is only 3.9 A˚ to meta carbon, which indicates that
the enzyme cannot tolerate substrates with substituents at this
position. Met344 points toward the 4-hydroxyl group (3.5 A˚ dis-
tance), and the Met344/Ala mutation dramatically increases
the KM for all three substrates, indicating the importance of this
residue in substrate binding (Table 3). In addition, four residues
in this region (Gly339 to Leu342) protrude toward the other2015 Elsevier Ltd All rights reserved 2037
Figure 5. Visualization of Bound Inter-
mediates
(A) Chromatographic analysis of Nt4CL2 reaction
intermediates and products in the presence of
ATP (red trace), coumaric acid (blue trace), ATP +
coumaric acid after 24 hr (orange) and 48 hr
(black), and after the addition of CoA (purple
trace). A mass spectrum of the final product is
shown in the inset. The shoulders of peaks at 6 and
9 min may represent trace amounts of the cis
isomer.
(B–D) Difference Fourier electron density map
(contoured at 2.5s over background in blue, and
8s over background in red) of the Nt4CL2 co-
crystal structures showing the adenylated acid
anhydride intermediates of coumarate, caffeate,
and ferulate, respectively.
See also Figure S7.face of the substrate, presumably accounting for the inability to
accommodate disubstituted substrates (such as sinapinic acid)
(Figure S7).
An Engineered Nt4CL2 Variant that Can Utilize Sinapinic
Acid as a Substrate
As noted, most 4CLs are unable to utilize sinapinic acid as a sub-
strate (Allina et al., 1998; Becker-Andre et al., 1991; Ehlting et al.,
1999; Hu et al., 1998; Lee andDouglas, 1996), presumably due to
the steric clashes described. The only known exceptions are
4CL1 fromG. max and 4CL4 from A. thaliana. Multiple sequence
alignments of various 4CLs demonstrate that both of these paral-
ogs have a single amino acid deletion that corresponds to either
Val341 or Leu342 of Nt4CL2 (Figure S8). Deletion of the equiva-
lent amino acid in canonical 4CLs expands the substrate scope
of these enzymes to accommodate sinapinic acid as a substrate
(Lindermayr et al., 2003; Schneider et al., 2003).
To understand the rationale for the expanded substrate scope
in this 4CL variant, we generated the Nt4CL2 Val341/Ala
mutant, as well as a variant in which residue Val341 is deleted
from the polypeptide (hereafter named Nt4CL2-DV341). Kinetic
analysis of both mutant proteins demonstrates that only
Nt4CL2-DV341 has appreciable activity in utilizing sinapinic
acid as a substrate (Table 3 and Figure 6A). Hence, accommoda-
tion of meta-substituted substrates can only be tolerated in
Nt4CL2 variants in which Val341 is deleted from the main chain.
To delineate the molecular rationale for this expanded sub-
strate scope, we determined the 2.1-A˚ resolution co-crystal
structure of Nt4CL2-DV341 with an AMP-ferulate anhydride,
which occupies the thioester-forming conformation (co-crystalli-
zation with a sinapate substrate was unsuccessful, presumably
due to relatively lower binding affinity). Structural analysis of the2038 Structure 23, 2032–2042, November 3, 2015 ª2015 Elsevier Ltd All rights reservedNt4CL2-DV341 variant in each of these
structures reveals that deletion of Val341
significantly changes the main-chain to-
pology of the hydroxycinnamate-binding
pocket. In particular, the region contain-
ing residues Gly339 to Leu341, which is
one residue shorter in this deletion
variant, flattens to form an extended bstrand (Figure 6B). Consequently, the space near C30 of the sub-
strate ring is expanded, and substrates bearing a methoxy sub-
stitution at this position can be accommodated at the active
site. Removal of only the side chain in the Nt4CL2 Val341/Gly
variantwould retain protrusion of themain-chain atomsobserved
in the wild-type structure, accounting for the inability of this
variant to utilize sinapinate (Figure S9). Lastly, while the
Nt4CL2-DV341 deletion variant shows an expanded substrate
scope, the Val341 deletion eliminates some of the binding deter-
minants for other hydroxycinnamates, resulting in increases in
theKM values for these substrates by 4- to 7-fold (Tables 3 and 4).
DISCUSSION
The co-crystal structures of Nt4CL2 presented here show the
four distinct substrate-binding pockets that can accommodate
AMP, pyrophosphate, CoA, and hydroxycinnamate, respec-
tively. The AMP- and hydroxycinnamate-binding pockets do
not change appreciably between the adenylate- and thioester-
forming conformations, suggesting that there is no obvious cor-
relation between domain alternation and the binding of either
AMP or the hydroxycinnamate. This notion is also borne out by
the fact that previously reported structures of ANL enzymes
with only AMP bound have been observed in both adenylate-
forming conformation (Jogl and Tong, 2004; Nakatsu et al.,
2006) and thioester-forming conformation (Hu et al., 2010; Ko-
chan et al., 2009; Yonus et al., 2008).
Our Nt4CL2-Mg2+-ATP co-crystal structure reveals clear and
continuous electron density for both the P loop and all atoms
of the bound nucleotide. In the adenylate-forming conformation
the P loop displays an extended structure and wraps the pyro-
phosphate, whereas in the thioester-forming conformation the
Figure 6. A Deletion Variant with Expanded Substrate Tolerance
(A) Chromatographic analysis of sinapinic acid utilization by wild-type Nt4CL2
(red trace) and the Nt4CL2-DV341 variant (blue trace). A mass spectrum of the
final product generated by Nt4CL2-DV341 is shown in the inset.
(B) Difference Fourier electron density map (contoured at 2.5s over back-
ground in blue) of the Nt4CL2-DV341 variant showing the region surrounding
the area of the deletion. The coordinates of the Nt4CL2-DV341 variant are
superimposed in green, and those for wild-type Nt4CL2 are shown in blue.
See also Figures S8 and S9.P loop bends upward and occludes the pyrophosphate-binding
pocket. As shown previously for acetyl-CoA synthetase and
chlorobenzoyl-CoA ligase (Gulick et al., 2003; Reger et al.,
2007, 2008), this movement of the P loop is a direct conse-
quence of the C-terminal domain rotation in the thioester-form-
ing conformation, suggesting that the transition from the adeny-
late-forming conformation must be preceded by pyrophosphate
dissociation. Notably, all reported structures of ANL enzymes
with bound ATP are in the adenylation conformation, reinforcing
the notion that ATP (in particular the pyrophosphate moiety) can
only be bound in this conformation (Kochan et al., 2009; Osman
et al., 2009).
Hydrolysis of the pyrophosphate, however, is not sufficient
to drive the transition to the thioester-forming confirmation, as
complexes of ANL enzymes with their cognate adenylate inter-
mediate (Conti et al., 1997; Du et al., 2008; May et al., 2002; Re-
ger et al., 2008) or intermediate analog (Hu et al., 2010; NakatsuTable 4. Steady-State Kinetic Properties of Nt4CL2 Variants agains
KM (mM) kcat (s
1) kcat/KM (10
6 M1 s1)
Coumaric Acid
V341G 4.3 ± 2.2 2.574 ± 0.258 (5.986 ± 0.600) 3 105
DV341 13.7 ± 2.3 2.406 ± 0.096 (1.756 ± 0.070) 3 105
Ferulic Acid
V341G 4.7 ± 0.8 2.478 ± 0.09 (5.272 ± 0.191) 3 105
DV341 31.1 ± 2.1 2.286 ± 0.042 (7.351 ± 0.014) 3 104
Structure 23, 2032–20et al., 2006), which do not have the pyrophosphate group bound,
are in the adenylate-forming conformation. In contrast, the struc-
ture of P. tomentosa 4CL1 complexed with an intermediate
analog (Hu et al., 2010) and the co-crystal structures of
Nt4CL2 in complex with various adenylated acid anhydrides re-
ported here are observed in the thioester-forming conformation.
Hence, neither the formation of the adenylated intermediate nor
the dissociation of the pyrophosphate group is sufficient to
prompt the transition of ANL enzymes into the thioester-forming
conformation. Following pyrophosphate release, ANL enzymes
can adopt either of the two conformations, and the equilibria be-
tween the two populations may vary between members.
The switch for the thioester-forming conformation is induced
only upon the subsequent binding of CoA. As shown in the
Nt4CL2-AMP-CoA structure, the shift to the thioester-forming
conformation results in the recruitment of two loops from the
C-terminal domain to form the upper side of the CoA-binding
tunnel and the displacement of the core motif A10 to unblock
the tunnel. These features are consistent with prior observations
that all CoA or thioester product-bound structures of ANL en-
zymes are in the thioesterification conformation (Gulick et al.,
2003; Hughes and Keatinge-Clay, 2011; Kochan et al., 2009;
Reger et al., 2007, 2008). Lastly, the thioester product must
dissociate before the switch back to the adenylate-forming
conformation. This domain-alternation strategy not only pro-
vides two different sets of catalytic residues for the two half-re-
actions, but also coordinates the access of substrates and the
release of products at different stages, which may be important
to minimize the probability of reverse reaction and avert futile
ATP cycling.
Previous attempts to investigate 4CL substrate specificity
relied on sequence comparison and modeling using other ANL
enzyme structures (Schneider et al., 2003; Stuible andKombrink,
2001). The recent report of the P. tomentosa 4CL1 co-crystal
structure with an inert hydroxyphenyl analog of 4-coumaroyl-
AMP provides some suggestions on substrate-binding speci-
ficity determinants (Hu et al., 2010). Our co-crystal structures
of Nt4CL2 in complex with 4-coumaroyl-AMP, caffeoyl-AMP,
and feruloyl-AMP allow for a more detailed examination of 4CL
substrate specificity determinants. A key determinant for sub-
strate stabilization is provided through stacking of the hydroxy-
phenol ring between the aromatic side chain of Tyr239 and the
peptide plane of residues Gly332 to Thr336, and mutation of
Tyr239 results in a 150-fold increase inKM. Surprisingly, these re-
sults contrast with reports of P. tomentosa 4CL1 (Hu et al., 2010),
in which mutation of the equivalent Tyr to Ala results in an in-
crease in enzyme activity, while mutating it to Phe results in a
near complete loss of activity toward caffeic acid and ferulict Different Hydroxycinnamic Acid Substrates
KM (mM) kcat (s
1) kcat/KM (10
6 M1 s1)
Caffeic Acid
4.3 ± 0.9 2.034 ± 0.09 (4.730 ± 0.209) 3 105
15.4 ± 4.9 1.272 ± 0.096 (8.260 ± 0.062) 3 104
Sinapinic Acid
1,230.5 ± 196.6 0.036 ± 0.006 29.256 ± 0.000
312.8 ± 24.9 0.774 ± 0.03 (2.474 ± 0.000) 3 103
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acid. It should be noted that the activities of Pt4CL1 variants
were measured using an end-point assay at only one substrate
concentration, whereas we measure Nt4CL2 kinetics using
continuous assays at various substrate concentrations.
The orientation of the caffeate and ferulate groups in our struc-
tures confutes the prediction proposed in the P. tomentosa 4CL1
study (Hu et al., 2010) regarding specificities toward substituted
hydroxycinnamates. Our structures show that the 4-hydroxy
group of the hydroxycinnamate substrate faces a large open
space, with the side chain of Ser243 representing the only steric
block. In contrast, the lateral sides of the binding pocket apply
more constraints on the substrate, and residues that line the
lateral sides of this pocket determine the size of substituents al-
lowed on ortho andmeta positions of the substrate. On one side,
residues Met306 to Ala309 are lined closely (3.9 A˚) against the
ortho position, disfavoring any substitution on this position.
These residues belong to a loop (Met306–Gly313) between
b-strand 12 and a-helix 11, which is part of both the adeno-
sine-binding pocket and CoA tunnel, as described earlier. There-
fore, an attempt to change or delete any residues in this region to
accommodate ortho substituent on this side might risk lowering
the affinity to ATP or CoA. In contrast, the meta-position on this
side is oriented into a larger volume, allowing the 3-hydroxy
group of caffeate or the 3-methoxy group of ferulate to be
accommodated. Given the dynamic nature of 4CL enzymes, it
is not surprising that prior modeling studies alone were insuffi-
cient to formulate a complete description of substrate speci-
ficity. The detailed structure-function analysis of all of the resi-
dues important for catalysis, for both half-reactions, provide a
much needed framework for future structure-based engineering
experiments aimed at expanding the utility of 4CL enzymes as
biocatalysts.
EXPERIMENTAL PROCEDURES
Protein Purification, Crystallization, and Data Collection
Experimental details are provided in the Supplemental Experimental Proce-
dures. In brief, the expression clone of Nt4CL2 (pCRT7/CT-TOPO) (Beuerle
and Pichersky, 2002) was a kind gift from Dr. Beuerle. Site-specific mutations
into the coding sequence were carried out using a QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies). The integrity of all of constructs
was confirmed by DNA sequencing (W.M. Keck Center for Comparative
and Functional Genomics, University of Illinois). Escherichia coli Rosetta
(DE3) transformed with the appropriate expression clone was grown in
Luria-Bertani medium containing ampicillin (100 mg/ml) and chloramphenicol
(34 mg/ml), and protein production was induced when the absorbance at
600 nm reachedz0.5 with the addition of 0.1 mM isopropyl b-D-1-thiogalac-
topyranoside. Cells were incubated for an additional 16 hr at 16C, harvested
by centrifugation, resuspended in 20 mM Tris (pH 8.0), 500 mM NaCl, 30 mM
imidazole, and 10% (v/v) glycerol, and lysed using an Avestin C5 Emulsiflex
homogenizer (Avestin). Either wild-type or variant Nt4CL2 was purified from
the clarified lysate using metal-ion and size-exclusion chromatographic
steps.
All Nt4CL2 crystals were grown by the hanging-drop vapor diffusion
method at 9C, using various polyethylene glycols (PEGs) as precipitants.
All Nt4CL2 crystals were grown by the hanging-drop vapor diffusion method
at 9C. Each hanging drop contained 1 ml of protein solution and 1 ml of
mother liquor. The mother liquor conditions are as follows. (1) Mg2+ ATP
complex: 20% (w/v) PEG 3350 and 0.2 M potassium nitrate; (2) adenylate
intermediate complex: 14.4% (w/v) PEG 8000, 0.08 M sodium cacodylate
(pH 6.5), 0.16 M calcium acetate, and 20% (v/v) glycerol; (3) AMP-CoA com-
plex (wild-type): 25.5% (w/v) PEG 8000, 0.085 M sodium cacodylate (pH 6.5),
0.17 M sodium acetate, and 15% (v/v) glycerol; (4) AMP-CoA complex2040 Structure 23, 2032–2042, November 3, 2015 ª2015 Elsevier Ltd(DV341 mutant): 25% (w/v) PEG 3350, 0.2 M ammonium acetate, and
0.1 M Tris (pH 8.5). Prior to crystallization, 30 mg/ml protein was incubated
on ice with 5 mM of the corresponding ligands for 2 hr. For the adenylate in-
termediate complex, protein was incubated on ice with 5 mM MgCl2, ATP,
and the hydroxycinnamic acid substrate (4-coumaric acid, caffeic acid, or
ferulic acid) for 2 hr. For conditions (1) and (4), crystals were cryoprotected
in 15% glycerol prior to vitrification by immersion into liquid nitrogen, while
crystals for conditions (2) and (4) were vitrified without additional cryoprotec-
tants. All diffraction data were collected at the LS-CAT, Argonne National
Laboratory Advanced Photon Source Sector 21 ID-G. Crystallographic
phases were determined by the molecular replacement method, and sub-
jected to both manual and automated model building. Relevant data collec-
tion and refinement statistics are provided in Table 1. The refined atomic
coordinates have been deposited in the PDB.
Enzyme Kinetics of Wild-Type and Mutant Nt4CL2
The enzymatic kinetics of wild-type and mutant Nt4CL2 were measured spec-
trophotometrically as described by Stuible et al. (2000) with a few modifica-
tions. In brief, each 200-ml reaction contained 100 mM Tris (pH 7.5), 2.5 mM
MgCl2, 2.5 mM ATP, 0.2 mM CoA, and various concentrations of correspond-
ing hydroxycinnamate substrates (4-coumaric acid, caffeic acid, ferulic acid,
or sinapinic acid). Enzyme concentration was typically 15 nM unless a higher
concentration was needed for some low-activity mutants. The reaction was
started by the addition of ATP and monitored using Varian Cary 4000 UV-Vis
spectrophotometer at 25C. The formation of the thioester products were fol-
lowed at the wavelengths of 333, 345, 346, and 352 nm for 4-coumaroyl-CoA,
caffeoyl-CoA, feruloyl-CoA, and sinapoyl-CoA, respectively (Beuerle and
Pichersky, 2002), and the concentration of these products were calculated
using the corresponding extinction coefficients of 21, 18, 19, and 20 mM1
cm1, respectively (Obel and Scheller, 2000; Yamauchi et al., 2003). KM and
kcat were calculated by a non-linear regression method using OriginPro 8.5
by OriginLab. The final values were averaged from three replicas.ACCESSION NUMBERS
Atomic coordinates and X-ray structure factors for the Nt4CL2 structures have
been deposited in the PDB (http://www.rcsb.org). The accession codes for the
structures reported here are as follows: Mg2+-ATP (PDB: 5BSM), AMP-CoA
(PDB: 5BSR), coumaroyl-AMP (PDB: 5BST), caffeoyl-AMP (PDB: 5BSU), feru-
loyl-AMP (PDB: 5BSV), andD341-feruloryl-AMP (PDB: 5BSW). Sequence data
for Nt4CL2 can be found in the GenBank/EMBL database under the accession
number NCBI: AAB18638. The accession numbers for other sequence data
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